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Abstract 
 The solar absorptance of a roof surface directly affects the solar heat gain through the 
roof.  It has been shown that buildings in hot climates benefit from roofs with low absorptance.  
Cold and moderate climates have received less attention in previous studies.  This paper 
simulates the effects on annual energy use, carbon dioxide emission, and utility cost of varying 
the solar absorptance of warehouse and small office building roofs in a wide variety of U.S. 
climate zones using EnergyPlus software and the DOE Commercial Building Benchmark 
Models.  Results show that the optimum absorptance not only depends on the climate zone, but 
also on the type of building in question. 
I. Introduction 
 Sunlight is comprised of electromagnetic radiation.  When it strikes a surface, this energy 
is transmitted, reflected, or absorbed by the surface.  Opaque surfaces, such as most building 
materials, do not transmit any solar radiation, so all of the energy is either reflected or absorbed.  
The percentage of incident electromagnetic radiation reflected by a surface is known as its 
reflectance (ρ), often expressed as a decimal.  Likewise, the percentage of incident 
electromagnetic radiation absorbed by a surface is known as its absorptance (α).  Since all of the 
electromagnetic radiation incident on an opaque surface must be reflected or absorbed, ρ + α = 1 
or 100%.   
 Any energy absorbed by the surface results in the heating of the surface, while reflected 
energy is dispersed to the surroundings and to the atmosphere.  Warmer surfaces conduct more 
sensible heat into the building, requiring more cooling energy or less heating energy, depending 
on the season and climate.  For this reason, highly reflective exterior surfaces are beneficial for 
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buildings in hot or temperate climates in order to reduce cooling energy requirements.  Many 
studies have confirmed these benefits.  Other studies have examined the effects of absorptance 
on cooling and heating energy use in cooler climates.  Though their findings are inconclusive as 
to the preferred absorptance in cool and mild climates, they do show that solar loads can satisfy 
some of the building’s heating loads and thereby decrease heating energy consumption. 
   
II. Literature Review 
2.1 Experimental Studies 
Numerous studies have demonstrated the potential of using reflective roofing materials to 
reduce roof surface temperatures and cooling loads.  Backenstow [1] and Simpson and 
McPherson [2] demonstrated the benefits of reflective roof surfaces in hot climates for reducing 
roof surface temperature using roof sections and scale model houses.  The latter study also 
showed that average surface temperatures and cooling loads can be reduced with increased 
emissivity.  Cheng, et al [3] showed that reflective coatings are also capable of reducing internal 
heat gains by monitoring interior temperatures of small unconditioned structures with black and 
white surfaces. 
In 1995, Parker, et al [4] reported an average decrease in cooling energy use of 19% in 
nine Florida homes when white roof coatings were applied.  The benefits of a similar coating for 
Florida commercial buildings were also demonstrated by Parker, et al in 1996 [5] and 1997 [6].  
These studies monitored cooling electricity consumption and peak demand before and after the 
application of a white roof coating for a 10,000 square foot school building and for seven stores 
in a retail strip mall, respectively.  Cooling electricity use was reduced by 10% for the school 
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building and by an average of 25.3% for the retail stores.  Peak demand was reduced by 35% for 
the school and by an average of 40.3% in the retail stores.  Akridge [7] and Akbari, et al [8] also 
demonstrated the benefits of reflective roof surfaces on commercial buildings near Atlanta, GA 
and Sacramento, CA, respectively.  Cooling energy use on hot summer days was reduced by 
21.6% at the 12,000 square foot sheet metal building monitored by Akridge.  Akbari reported 
yearly cooling energy use reductions of 52%, 17-18%, and 3% at an elementary school, retail 
store, and cold storage facility, respectively. 
2.2 Simulation Studies  
Other studies have utilized building simulation models to examine the effects of roof 
reflectivity on heating and cooling loads.  Granja and Labacki [9] used Fourier analysis to show 
that maximum heat flows through flat concrete roofs are reduced with increasing reflectivity.  
The effects of reflectivity were most pronounced for thinner roof sections with lower thermal 
resistance.  Deshmuk, et al [10] used a modified Fourier-admittance method to determine room 
air temperatures for one room buildings in four India climates when the absorptivity and 
emissivity of exterior surfaces are varied.  The effects were evaluated in terms of the annual 
discomfort index.  For hot and composite climates, a low absorptivity and high emissivity were 
preferred, while high absorptivity and low emissivity were preferred for cold climates.  Shariah, 
et al [11] used TRNSYS to simulate the effect of exterior surface absorptivity on heating, 
cooling, and total energy loads in mild and hot Jordanian climates.  It was shown that the 
absorptivity of a flat roof has a large effect on heating and cooling loads while that of the side 
walls is almost negligible.  Total loads were reduced considerably when light colors were used 
with further reductions resulting from an increase in roof insulation.  Synnefa [12] also used 
TRNSYS to simulate the effects of cool coatings on energy loads.  The buildings studied were 
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residences in cities between -33.46˚ and 43.4˚ latitude.  Cooling loads were reduced by 18-93%, 
and peak demand was reduced by 11-27%.  In all of the locations studied, cooling energy 
reductions from increasing reflectivity outweighed the heating penalty.  Freund [13] simulated 
the overall energy consumption in a retail building in the northern United States with reflective 
roofs (ρ=65%) and with black roofs (ρ=6%).  Roof R-values were also varied from 0 to 24.  
Increased insulation was shown to lengthen the cooling season as internal loads were trapped in 
the building, increasing the potential benefits for reflective roofing in northern climates.  Snow 
cover was also shown to decrease the heating penalty of using reflective roofs.   
Griggs, et al [14] used a DOE-2.1B simulation to outline a procedure for estimating 
changes in building heating and cooling costs resulting from a change in roof reflectance.  The 
results showed that annual heating and cooling energy use vary linearly with roof reflectance 
when emissivity is held constant.  Yarbrough and Anderson [15] also used a DOE-2 simulation 
model to examine the effects of radiation control coatings (RCC’s), which have a high 
reflectivity and a high emissivity, in three Pakistan cities.  During July at a latitude of 40˚, a roof 
with an RCC and R-5.88 insulation performed similarly to a bitumen-covered roof with R-42.88 
insulation.  Heat gains were reduced by 37.2%, 37.9%, and 55.8% in Karachi, Multan, and 
Islamabad, respectively.  Anderson [16] used similar methods to examine the effects of RCC’s 
on cooling loads.  Results showed that RCC’s are as effective as R-8 insulation for reducing 
cooling loads when cooling setpoints are above 75˚ F.  The author suggests that the reductions 
are understated because the simulation model assumes an emissivity equal to the absorptivity and 
does not account for decreases in insulation effectiveness at high temperatures.  Akbari [17] 
simulated the effects of increased vegetation and increased reflectivity in urban environments on 
building cooling loads.  In addition to reducing cooling loads in individual buildings by reducing 
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the amount of absorbed radiation, these measures can further reduce cooling loads by reducing 
ambient temperatures when applied to the building’s surroundings.  Akbari and Taha [18] 
investigated the effects of these measures on cooling and heating loads in four Canadian cities 
and found their combined effects beneficial for reducing both heating and cooling loads.  In a 
later study, Akbari [8] compared experimental results from the three aforementioned Sacramento 
commercial buildings with a DOE 2.1E simulation and found that the simulation model 
underestimated cooling energy and peak power reductions by as much as twofold.  Hildebrandt 
[19] applied a statistical model to the data from these buildings and results suggest that the DOE-
2 model may additionally underestimate the heating penalties from reflective roofs.  Akbari [20] 
also used a DOE-2 model for eleven building types in eleven US cities to estimate monetary 
savings from an increased roof reflectivity.  Savings estimates, though likely conservative, 
showed that most building types would benefit from an increase in reflectivity in all climate 
zones.  Of particular relevance to this study, however, the increase in heating cost resulting from 
an increase in reflectivity outweighed the decrease in cooling cost for some building types in 
cooler climates.  Parker [21] included modified functions in a DOE-2.1E model to account for 
attic duct heat gains, heat transfer in the attic due to radiation, attic ventilation, ceiling framing, 
and the increasing conductivity of insulation with increasing temperature.  This model was found 
to correlate well with experimental data from Florida residences.  Prototype residential buildings 
in fourteen U.S. cities in various climate zones were then simulated to determine the potential 
benefits of white roofs.  Reflective roofing led to cooling energy savings in all of the simulated 
locations, and combined heating and cooling costs decreased in all but the northernmost and 
cool, cloudy locations. 
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These studies clearly demonstrate the cooling savings potential of using reflective roof 
coatings in a wide variety of climates.  It has also been well established that there is a penalty in 
heating energy that results from reflective coatings in northern climates.  In hot and mild 
climates, it is clear that the benefits of these coatings significantly outweigh the heating penalty. 
Very little information is available, however, that leads to conclusions about the applicability of 
reflective roofing in other climates.  The purpose of this study is to investigate the trade-off 
between cooling benefit and heating penalty in various climate zones as the roof reflectance is 
varied.   
 
III. Methodology 
Building energy simulations were performed using EnergyPlus software for two building 
types in six U.S. cities.  The buildings and locations were selected from the 2008 DOE 
Commercial Building Benchmark Models described by Torcellini, et al in [22].  Though 
reflective roofing technology is applicable to both new construction and retrofits, the models for 
new construction were chosen for this study.  The building types used were the warehouse and 
the small office.  Both of these are single-story buildings with flat roofs that constitute a 
significant portion of the exterior building envelope, which leads to a relatively high sensitivity 
to changes in roof properties. The warehouse model has a metal building roof, while the small 
office model has an attic and metal decking.   
Each Benchmark Building is available to represent typical building practices in sixteen 
U.S. cities that represent population centers in the fifteen U.S. climate zones.  For the purpose of 
this study, six of these cities (Miami, Atlanta, Baltimore, Chicago, Minneapolis, and Fairbanks) 
8 
 
were selected.  Miami and Fairbanks represent the extreme hot and cold climates, respectively.  
The other four cities represent a wide range of more moderate climates.  The same TMY2 
weather data used in the development of the Benchmark Models was used in the simulation runs.  
The only change made to the models was in the solar absorptance of the outermost roof layer.  
Table 1 shows the test matrix used for each city in order to determine the effect of roof 
absorptance on annual energy use, carbon dioxide emissions, and energy cost. 
   
Table 1: Test Matrix 
Building Type Solar Absorptance 
Warehouse 0 
Small Office 0 
Warehouse 0.25 
Small Office 0.25 
Warehouse 0.5 
Small Office 0.5 
Warehouse 0.75 
Small Office 0.75 
Warehouse 1 
Small Office 1 
 
 
IV. Results and Discussion 
4.1 Warehouse 
 Figures 1 to 3 demonstrate the effects of varying roof surface absorptance on the annual 
energy use, carbon dioxide emissions, and utility cost for the Warehouse Benchmark Building in 
the six cities considered.  The results are presented in units of GJ for energy, kg emitted of CO2, 
and USD ($) for utility cost. 
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 The effects of increased absorptance are less profound in nearly every instance for the 
small office building.  Heating and cooling loads through the roof have a lesser impact on the 
overall energy usage as a result of the attic space.  The thermal capacitance and time-lag effects 
of the attic space reduce peak loads, further mitigating the solar effects on energy use and utility 
cost.  The slight increase in carbon dioxide emissions and utility cost in each location except 
Fairbanks is likely a result of the relatively larger contribution of electricity use on these metrics 
when compared to natural gas use.  Decreases in energy use in Baltimore, Chicago, Minneapolis, 
and Fairbanks as absorptance is increased is indicative of the higher solar loads satisfying some 
of the heating needs of the building.  Appendix B contains more detailed data for the small office 
building, including contribution of heating and cooling loads to overall energy use. 
 
Table 3: Net and percent change in Energy Use, CO2 Emissions, and Cost when changing 
from Absorptance=0 to 1 for Small Office 
City 
Net Change % Change 
Energy Use 
(GJ) 
CO2 Emissions 
(kg) 
Cost 
($) 
Energy 
Use 
CO2 
Emissions Cost 
Miami 12.49 2209.11 351.18 4.24 4.36 4.28 
Atlanta 3.89 1402.02 221.73 1.44 2.95 2.76 
Baltimore -0.05 806.88 75.96 -0.02 1.91 1.40 
Chicago -1.97 1759.38 16.91 -0.62 2.13 0.35 
Minneapolis -2.53 780.38 51.72 -0.74 1.40 0.92 
Fairbanks -6.59 -274.71 -17.38 -1.36 -0.48 -0.24 
 
 
V. Conclusions 
 Warehouse annual energy use, carbon dioxide emissions, and utility costs were shown to 
decrease as the absorptance of the roof surface was increased in all but the hottest climate zone.  
Net benefits in energy use with increased absorptance were also experienced for small office 
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buildings in Baltimore, Chicago, Minneapolis, and Fairbanks.  The carbon dioxide emissions and 
utility costs, however, were minimized by maintaining a lower absorptance in each location 
except for Fairbanks. Miami and Atlanta office buildings also used less energy annually with the 
lowest levels of absorptance.  These results demonstrate that the optimum level of absorptance 
depends on (a) the metric to be optimized, (b) the location of the building, and (c) the type of 
building being considered. 
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Appendix A:  Tabulated Warehouse Data 
Site (Zone) Roof Solar Absorptance 
Total Site 
Energy (GJ) 
Energy Per Total 
Building Area (MJ/m2) 
Cooling Energy 
Usage (GJ) 
Heating Energy 
Usage (GJ) 
Annual CO2 
Emissions (Kg) 
Electrical Peak 
Demand (W) 
Annual Utility 
Cost ($) 
Miami, FL (1A) 0 1026.73 212.35 37.05 106.83 167836.0936 92916.749 24083.23 
Miami, FL (1A) 0.25 1127.72 233.23 116.26 83.96 188493.1062 115541.622 27865.96 
Miami, FL (1A) 0.5 1373.93 284.15 245.7 66.01 234153.3633 157321.809 35611.76 
Miami, FL (1A) 0.75 1663.24 343.99 400.15 54.51 286618.8899 199947.752 44293.52 
Miami, FL (1A) 1 1973.07 408.07 566.26 46.36 342286.1482 243569.158 53445.79 
Atlanta, GA (3A) 0 1502.31 310.71 13.68 583.26 208867.8429 88264.189 31911.28 
Atlanta, GA (3A) 0.25 1477.76 305.63 18.78 554.01 208257.4577 91763.183 31738.55 
Atlanta, GA (3A) 0.5 1460.69 302.1 23.91 531.92 208080.1452 94660.218 31646.18 
Atlanta, GA (3A) 0.75 1447.79 299.43 29.04 513.84 208143.9627 97131.547 31601.12 
Atlanta, GA (3A) 1 1437.41 297.29 34.11 498.17 208355.4770 98666.833 31586.4 
Baltimore, MD (4A) 0 1822.35 376.9 12.93 892.34 202825.9239 88053.727 28953.16 
Baltimore, MD (4A) 0.25 1789.02 370 16.7 855.78 201462.8414 91155.900 28745.5 
Baltimore, MD (4A) 0.5 1763 364.62 20.6 826.17 200523.6516 93796.040 28594.26 
Baltimore, MD (4A) 0.75 1741.7 360.22 24.79 800.83 199883.7836 96157.958 28486.13 
Baltimore, MD (4A) 1 1723.22 356.4 28.88 778.35 199385.5975 98264.839 28419.86 
Chicago, IL (5A) 0 2161 446.94 8.16 1200.87 390642.2385 86959.314 24013.22 
Chicago, IL (5A) 0.25 2119.39 438.33 10.72 1157.42 389007.7334 89242.264 23673.68 
Chicago, IL (5A) 0.5 2085.87 431.4 13.37 1121.79 387871.1986 91569.207 23403.46 
Chicago, IL (5A) 0.75 2057.8 425.59 16.21 1091.28 387113.6821 93911.82 23180.75 
Chicago, IL (5A) 1 2033.46 420.56 19.25 1064.21 386638.1228 96035.182 22991.04 
Minneapolis, MN (6A) 0 2658.98 549.93 6.41 1677.6 302521.9537 85397.023 30536.87 
Minneapolis, MN (6A) 0.25 2601.4 538.02 8.32 1618.91 299706.511 87686.251 30162.22 
Minneapolis, MN (6A) 0.5 2554.75 528.37 10.34 1570.89 297505.663 89795.406 29864.12 
Minneapolis, MN (6A) 0.75 2515.59 520.27 12.57 1529.99 295755.9702 91780.829 29633.69 
Minneapolis, MN (6A) 1 2481.43 513.21 15.02 1493.74 294325.2976 93503.168 29440.75 
Fairbanks, AK (8) 0 4372.64 904.35 0.77 3328.73 377825.0597 83613.74 43633.36 
Fairbanks, AK (8) 0.25 4332 895.94 0.83 3288.81 375604.5428 83613.74 43501.54 
Fairbanks, AK (8) 0.5 4297.81 888.87 0.89 3255.23 373734.1045 83613.74 43389.71 
Fairbanks, AK (8) 0.75 4268.65 882.84 0.96 3226.61 372138.5263 83613.74 43297.61 
Fairbanks, AK (8) 1 4242.78 877.49 1.05 3201.2 370725.0424 83613.74 43215.54 
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Appendix B: Tabulated Small Office Building Data 
Site (Zone) Roof Solar Absorptance 
Total Site 
Energy (GJ) 
Energy Per Total 
Building Area (MJ/m2) 
Cooling Energy 
Usage (GJ) 
Heating Energy 
Usage (GJ) 
Annual CO2 
Emissions (kg) 
Electrical Peak 
Demand (W) 
Annual Utility 
Cost ($) 
Miami, FL (1A) 0 294.82 576.76 64.49 0.19 50715.9933 20482.718 8206.66 
Miami, FL (1A) 0.25 298.18 583.35 66.27 0.18 51311.3021 20675.454 8301.29 
Miami, FL (1A) 0.5 301.34 589.53 67.96 0.16 51870.6247 20848.024 8390.2 
Miami, FL (1A) 0.75 304.36 595.43 69.6 0.15 52403.973 21003.543 8474.98 
Miami, FL (1A) 1 307.31 601.2 71.2 0.15 52925.1021 21144.446 8557.84 
Atlanta, GA (3A) 0 270.21 528.63 21.8 24.07 47496.7517 19335.901 8028.81 
Atlanta, GA (3A) 0.25 271.23 530.62 22.88 22.69 47890.423 19577.243 8090.8 
Atlanta, GA (3A) 0.5 272.19 532.49 23.89 21.49 48245.9432 19782.937 8146.96 
Atlanta, GA (3A) 0.75 273.13 534.33 24.86 20.44 48578.5554 19971.473 8199.64 
Atlanta, GA (3A) 1 274.1 536.23 25.79 19.51 48898.7766 20146.072 8250.54 
Baltimore, MD (4A) 0 293.51 574.21 17.65 49.68 42268.6174 19395.717 5435.34 
Baltimore, MD (4A) 0.25 293.47 574.13 18.44 47.69 42494.1852 19610.869 5456.27 
Baltimore, MD (4A) 0.5 293.42 574.04 19.2 45.83 42700.6416 19810.968 5475.5 
Baltimore, MD (4A) 0.75 293.46 574.12 19.91 44.22 42894.6725 19989.181 5494.13 
Baltimore, MD (4A) 1 293.46 574.1 20.6 42.65 43075.4973 20153.407 5511.3 
Chicago, IL (5A) 0 316.47 619.12 13.19 76.39 82675.6235 18465.651 4824.63 
Chicago, IL (5A) 0.25 315.91 618.03 13.85 74.01 83172.4504 18666.122 4829.32 
Chicago, IL (5A) 0.5 315.38 617 14.48 71.84 83622.1864 18853.757 4833.47 
Chicago, IL (5A) 0.75 314.93 616.1 15.09 69.85 84040.7034 19026.4 4837.6 
Chicago, IL (5A) 1 314.5 615.27 15.67 67.99 84435.0082 19188.341 4841.54 
Minneapolis, MN (6A) 0 342.09 669.25 11.44 102.9 55827.5247 17856.567 5636.95 
Minneapolis, MN (6A) 0.25 341.46 668.02 11.98 100.73 56051.2412 17997.462 5652.11 
Minneapolis, MN (6A) 0.5 340.77 666.66 12.49 98.64 56248.2276 18128.658 5664.95 
Minneapolis, MN (6A) 0.75 340.12 665.4 12.98 96.7 56431.886 18250.411 5676.96 
Minneapolis, MN (6A) 1 339.56 664.3 13.45 94.91 56607.9007 18364.806 5688.67 
Fairbanks, AK (8) 0 483.46 945.82 1.54 250.55 56848.5672 14243.41 7218.67 
Fairbanks, AK (8) 0.25 481.66 942.29 1.7 248.62 56772.1982 14333.408 7213.7 
Fairbanks, AK (8) 0.5 479.8 938.66 1.85 246.65 56691.6907 14413.15 7208.3 
Fairbanks, AK (8) 0.75 478.45 936.02 1.99 245.16 56641.1246 14486.88 7205.65 
Fairbanks, AK (8) 1 476.87 932.92 2.13 243.47 56573.8584 14555.912 7201.29 
 
